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 Abstract
Molecular biological methods were used to characterize cyanobacteria in order to 
distinguish toxin producers from nonproducers. The molecular tools applied included the 
repeated heptamer sequence, which was used as a probe in hybridizations, a microcystin 
synthetase probe and primers, and peptide synthetase probes and primers. The repeated 
sequence, previously found in the genomes of filamentous cyanobacteria, was shown here 
to be inserted at many chromosomal locations in several copies of Anabaena strains from 
Finland. The distribution of the inserts clearly differentiated the microcystin- and anatoxin-
a-producing Anabaena strains.
The primers and a probe based on the microcystin synthetase gene (mcyB) of Microcystis 
aeruginosa detected microcystin-producing strains in species of Anabaena, Microcystis, 
Nodularia, Nostoc and Oscillatoria/Planktothrix. A search for the genes of nonribosomal 
peptide synthetases with PCR showed that, in addition to microcystin synthetase genes, 
other peptide synthetase genes were frequently present in cyanobacteria. 
To characterize the peptide synthetases of Anabaena 90, which produces two other types 
of cyclic peptide (anabaenopeptilides and anabaenopeptins) in addition to the microcystins, 
a gene library of Anabaena 90 was compiled. Two large gene clusters, 30 kb and 55 kb, 
for the biosynthesis of the anabaenopeptilides and microcystins, respectively, were cloned 
and sequenced. A mutant not producing anabaenopeptilides was produced by insertional 
mutagenesis. Anabaenopeptilide synthetase consists of three nonribosomal peptide 
synthetases (ApdA, ApdB and ApdD), one halogenase (ApdC), a methyltransferase (ApdE), 
a reductase (ApdF) and catalyzes the biosynthesis of the two anabaenopeptilides (A and B) 
in Anabaena 90. 
Microcystin is composed of polyketide and peptide parts. Nine genes putatively code for 
the biosynthesis of microcystins in Anabaena 90. The genes mcyD, mcyG and mcyE code 
for the synthesis of Adda (3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic 
acid), while mcyE also codes for the activation of glutamic acid and the joining of it to Adda. 
The peptide synthetase genes (mcyA, mcyB, mcyC) code for the synthesis of the pentapeptide 
part. The tailoring functions are coded for by mcyF, mcyI and mcyJ. McyH is possibly 
involved in the transport of microcystin. The sequences of the microcystin synthetase 
genes provide tools for detection of potential microcystin-producers by conventional and 
quantitative PCR and with a microarray. 
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Tiivistelmä (Abstract in Finnish)
Syanobakteerit muodostavat kesäisin haitallisia massaesiintymiä makeissa vesissä ja 
murtovesissä maapallon eri puolilla. Anabaena, Microcystis ja Planktothrix ovat yleisimmin 
maksamyrkyllisiä (mikrokystiinejä sisältäviä) massaesiintymiä muodostavat suvut makeissa 
vesissä. Murtovesissä Nodularia spumigena tuottaa mikrokystiinien kaltaista nodulariinia. 
Mikrokystiinit ja nodulariinit ovat rengasmaisia peptidejä, jotka inhiboivat tumallisten 
solujen proteiinifosfataaseja (tyyppejä 1 ja 2A). Rakenteeltaan mikrokystiinit ja nodulariinit 
ovat hyvin samanlaisia: mikrokystiinit muodostuvat seitsemästä ja nodulariinit viidestä 
aminohaposta. Syanobakteerit tuottavat myös monia muita bioaktiivisia rengasmaisia ja 
suoraketjuisia peptidejä, esim. seriiniproteaasi-inhibiittoreita. Tyypillistä näille peptideille 
on, että niiden aminohapot poikkeavat tavallisista proteiineissa essiintyvistä aminohapoista. 
Lisäksi ne muodostavat useiden, rakenteellisesti samankaltaisten peptidien ryhmiä. Siksi 
voidaan olettaa, että useat niistä valmistetaan ei-ribosomaalisesti suurien entsyymien, 
peptidisyntetaasien avulla. 
Myrkyllisiä että myrkyttömiä syanobakteereita ei voida erottaa toisistaan ulkoisten, 
morfologisten ominaisuuksien perusteella. Koska myrkyllisyys johtuu geneettisistä 
tekijöistä, tässä työssä on tutkittu geneettisten menetelmien käyttöä myrkkyjä tuottavien 
ja tuottamattomien syanobakeerien erottamiseksi sekä mikrokystiinejä ja muita ei-
ribosomaalisia peptidejä tuottavien syanobakterien tunnistamiseksi. Syanobakteerien DNA:
n toistojakson avulla osoitettiin, että neurotoksisten ja mikrokystiiniä tuottavien Anabaena-
kantojen välillä on selvästi tunnistettavia geneettisiä eroja. Mikrokystiinin tuottajat pystyttiin 
osoittamaan koettimella hybridisaatiossa sekä alukkeilla polymeraasiketjureaktiossa (PCR). 
Lisäksi tietyt koettimet ja yleiset alukkeet tunnistivat syanobakteerikannat, jotka tuottivat 
muita ei-ribosomaalisia peptidejä.
Syanobakteerit voivat tuottaa samanaikaisesti useampia ei-ribosomaalisia, bioaktiivisia 
peptidejä. Tutkimuksessa käyetty Anabaena 90 tuottaa mikrokystiinien ohella 
kahdenlaisia rengasrakenteisia peptidejä, anabaenopeptilidejä sekä anabaenopeptinejä. 
Tässä työssä selvitettiin Anabaena 90-kannasta mikrokystiinien ja anabaenopeptilidien 
biosynteesigeenit. Anabaena 90:n geenikirjastosta sekvensoitiin ja analysoitiin kaksi 
suurta DNA jaksoa. Ensimmäisen alueen (39 kiloemäsparia) seitsemän geeniä, apdA-
apdF, koodaa anabaenopeptilidien A ja B, biosynteesiä. Geenit apdA, apdBja apdD ovat 
pepidisyntetaaseja koodaavia geenejä, ja apdF koodaa oletettavasti oksido-reduktaasia, joka 
tarvitaan aminohydroksipiperidonin (Ahp) muodostumiseksi. Ahp on rengasmainen yhdiste, 
joka on tyypillinen peptidiperheelle, johon anabaenopeptilidit A ja B kuuluvat. Geeni apdC 
koodaa halogenaasientsyymiä, joka liittää kloorin peptidissä olevaan tyrosiiniin (muodostuu 
anabaenopeptilidi B). apdE koodaa entsyymiä, joka lisää metyylirymän tyrosiiniin 
(anabaenopeptilidi A). Tässä työssä Anabaena 90:stä löydetty apdC-geeni on ensimmäinen 
syanobakteereista tunnistettu halogenaasigeeni. Sekvenssianalyysin perusteella näytti 
erittäin todennäköiseltä, että apd-geenirymä vastaa anabaenopeptilidien biosynteesistä, 
mikä todennettiin mutaation avulla. Saatu mutantti ei tuottanut anabaenopeptilidejä, mutta 
tuotti edelleen mikrokystiinejä ja anabaenopeptinejä. Tämä osoittaa että anabaenopeptilidit 
eivät ole välttämättömiä, tai mutatoitu Anabaena 90 tuottaa edelleen korvaavia yhdisteitä.
Mikrokystiinien biosynteesigeeneistä (55 kiloemäsparia) kolme, mcyA, mcyB ja mcyC, 
koodaavat pepidisyntetaaseja, jotka katalysoivat viiden aminohapon aktivoinnin ja liittämisen 
peptidiin sekä lopullisen renkaan muodostuksen. Geeni mcyD koodaa polyketidisyntaasia, 
kun taas mcyG ja mcyE koodaavat peptidisyntetaasien ja polyketidisyntaasien yhdistelmiä, 
jotka yhdessä vastaavat mikrokystiineille ja nodulariineille tyypillisen aminohapon, Adda:
8 9
n (3-amino-9-metoksi-2,6,8-trimetyyli-10-fenyylideka-4,6-dieeinihappo) biosynteesistä ja 
liittämisestä peptidiketjuun. Kolme geeniä, mcyF, mcyI and mcyJ, koodaa mikrokystiinin 
muokkausta biosynteesissä. 
Tässä työssä selvitettyjä biosynteettisten geenien sekvenssejä voidaan hyödyntää 
tavallisessa ja kvantitativisessa PCR:ssa sekä DNA-sirutekniikassa, kun halutaan löytää ja 
tunnistaa mikrokystiiniä tai muita ei-ribosomaalisia peptidejä tuottavia syanobakteereita. 
Geenin apdA formyylitransferaasia koodaava alue on ensimmäinen peptidisyntetaasigee
neistä löydetty, eikä halogenaasigeenia ole aiemmin raportoitu syanobakteereista. Nämä 
geenialueet tarjoavat lisää mahdollisuuksia muokattaessa ei-ribosomaalisten peptidien 
rakenteita. Ei-ribosomaalisten peptidien merkitys syanobakteereille on tuntematon. 
Tarvitaan esimerkiksi mutanttien avulla tehtävää lisätutkimusta, jotta näiden metaboliittien 
todellinen tehtävä selviää. 
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1. Introduction
1.1 Cyanobacteria 
The phylum cyanobacteria consists of oxygenic photosynthetic prokaryotes that have 
two photosystems (PSII and PSI) and use H
2
O as the photoreductant in photosynthesis. All 
the known cyanobacteria are photoautotrophic, using primarily CO
2 
as the carbon source 
(Castenholz, 2001a). Due to a minimal need for nutrients, cyanobacteria can inhabit a wide 
range of environments including extreme conditions such as hot springs, desert soils and 
the Antarctic.
Freshwater cyanobacteria include the genera Anabaena, Microcystis and Planktothrix, 
which are major organisms of the plankton and occasionally form mass occurrences, the 
so-called water blooms. The genus Anabaena comprises filamentous, heterocyst-forming 
cyanobacteria that may have gas vacuoles (Rippka et al., 2001). Microcystis strains 
are unicellular colony-forming cyanobacteria with gas vesicles (Herdman et al., 2001). 
Cyanobacteria belonging to the genus Planktothrix are filamentous, able to move by 
gliding, have abundant gas vacuoles and are typically found in eutrophic or hypereutrophic 
freshwater (Castenholz et al., 2001b). These three genera are the most important producers 
of toxic microcystins (Fig. 1) in freshwater environments (Sivonen and Jones, 1999). 
Anabaena strains may also produce three different types of neurotoxins: an alkaloid 
(anatoxin-a), an organophosphate (anatoxin-a(S)) and carbamate toxins (saxitoxins; 
Sivonen, 2000). Anatoxin-a is also found in a few strains of Microcystis and benthic 
Oscillatoria (Sivonen, 2000). Homoanatoxin-a, an anatoxin-a derivative, is produced by 
some Oscillatoria/Planktothrix strains (Sivonen, 2000).
The toxic strains in each genus cannot be distinguished from nontoxic strains by 
morphological characteristics. The traditional classification of cyanobacteria is based on 
their morphology and cell division patterns. Guidebooks for the identification of planktonic 
cyanobacteria (e.g. Kasviplanktonopas, Tikkanen, T., 1986) use morphological features 
as criteria. Cell characteristics such as the development of akinetes, heterocysts and gas 
vesicles are dependent on culturing conditions, which may cause difficulties and can 
lead to wrong conclusions in the identification of cyanobacteria. Many molecular genetic 
methods (Table 1) have been used to delineate cyanobacteria. Restriction fragment length 
polymorphism (RFLP) alone or following the amplification of deoxyribonucleic acid (DNA) 
by polymerase chain reaction (PCR) and gene sequencing are well able to discriminate 
several morphologically similar species that differ in their physiological or biochemical 
traits (Mazel et al., 1990; Lehtimäki et al., 2000; Lyra et al., 2001).
 No genome sequences of toxic cyanobacteria are yet available. The genome sizes 
reported for the potential microcystin-producing species of cyanobacteria are for Microcystis 
aeruginosa PCC 7941 3.1 x 109 Da (Herdman et al., 2001), for Anabaena PCC 7122 3.2 
x 109 Da (Rippka et al., 2001) and for Planktothrix PCC 7805 2.5 x 109 Da (Castenholz 
et al., 2001b). Approximated to base pairs by using the value of 650 Da per base pair, the 
genome sizes are 4.8, 4.9 and 3.8 megabases (Mb), respectively. Short repetitive sequences 
were discovered in the genomes of cyanobacteria, including Anabaena and Microcystis, 
and used to differentiate strains and closely related species (Mazel et al., 1990; Bauer et 
al., 1993; Asayama et al., 1996; Lehtimäki et al., 2000). Repeated sequences, when located 
at numerous positions in the chromosomes of cyanobacteria, are well able to discriminate 
different strains (Bauer et al., 1993) but are possibly not connected with the toxicity of 
cyanobacteria. Molecular methods based on genes coding for the biosynthesis of toxins 
would thus be needed to recognize potential toxin producers. 
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1.2 Cyanobacterial nonribosomal peptides 
Cyanobacteria produce a large number of small bioactive peptides (Moore, 1996; Moore 
et al., 1996; Namikoshi and Rinehart, 1996; Weckesser et al., 1996; Burja et al., 2001). 
The best known are the cyclic toxins microcystins (Fig. 1) and nodularins, which are the 
inhibitors of protein phosphatases 1, 2A and 3 (Honkanen et al., 1990, 1991; MacKintosh 
et al., 1990; Yoshizawa et al., 1990). Over 60 structurally different microcystins but only 
5 variants of nodularin have been identified from cyanobacteria (for a list of microcystin 
variants see Sivonen and Jones, 1999).
Depsipeptides containing a unique residue, 3-amino-6-hydroxy-2-piperidone (Ahp) 
form a large group (represented by anabaenopeptilide B in Fig.1). Compounds of this type 
isolated from the freshwater cyanobacteria Anabaena, Microcystis, Nostoc and Oscillatoria/
Planktothrix are listed in Table 2. Similar peptides isolated from terrestrial and marine 
cyanobacteria are in Table 3. Many of these are serine protease inhibitors (Shin et al., 1995; 
Namikoshi and Rinehart, 1996; Okino et al., 1997; Reshef and Carmeli, 2001). Structural 
studies on the interaction of A90720 (Table 3) with trypsin (Lee et al., 1994) and scyptolin 
A (Table 3) with elastase (Matern et al., 2003b) indicated that the Ahp residue plays an 
important role in the inhibition of proteases. On the other hand, dolastatin 13 (Fig. 1), which 
was the first reported cyclic depsipeptide containing Ahp and threonine, was determined to 
be a cytostatic agent (Pettit et al., 1989). Dolastatin 13 was obtained from the Indian Ocean 
shell-less mollusc Dolabella auricularia (sea hare) (Pettit et al., 1989), but its analogues, 
somamide A, B and symplostatin 2 (Table 3) were later isolated from marine cyanobacteria 
(Harrigan et al., 1999; Nogle et al., 2001). It seems likely that dolastatin 13 is also of 
cyanobacterial origin.
Hexapeptides containing D-lysine and a unique ureido linkage are produced by various 
cyanobacterial species (Fig. 1, Table 4). Some of these peptides have been reported to be 
protease inhibitors, but also other biological activity is known for many peptides of this 
group (Table 4). Anabaenopeptins G, H, I, J and T inhibit carboxypeptidase A (Table 4), 
whereas oscillamide Y and schizopeptin 791 inhibit chymotrypsin and trypsin, respectively 
(Table 4).
Two additional types of serine protease inhibitors, aeruginosins (Fig. 1, Table 5) and 
microviridins (Fig. 1, Table 6) have been found in cyanobacteria. Microviridins, first 
isolated from Microcystis viridis and Microcystis aeruginosa (Ishitsuka et al., 1990, Okino 
et al., 1995) are depsipeptides having the special structural feature of a tricyclic ring system 
(Fig. 1). Linear peptides (aeruginosins) containing the unusual amino acid, 2-carboxy-6-
hydroxyoctahydroindole (= Choi) as the common component (Fig. 1), were isolated from 
the same species and from Oscillatoria agardhii (Murakami et al., 1994, Matsuda et al., 
1996, Shin et al., 1997b). A linear peptide, microginin (Fig. 1, Table 7), was originally 
isolated from M. aeruginosa (Okino et al., 1993b). Recently two types of unusual linear 
peptide, aeruginoguanidines (Ishida et al., 2002) and aeruginosamide (Lawton et al., 1999) 
(Fig. 1), were reported from the same species.
Cyanobacteria, especially marine species, produce various other types of peptide (for 
marine compounds see Burja et al., 2001). Thiazole- and oxazole-containing peptides 
form a group of pharmacological interest (Jüttner et al., 2001). As an example of peptides 
containing thiazole and oxazole rings, the structure of nostocyclamide from Nostoc 31 
(Jüttner et al., 2001) is shown in Fig. 1. Nostocyclamide and another almost identical 
peptide (nostocyclamide M) from the same strain were reported to have anticyanobacterial 
activity (Jüttner et al., 2001). 
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A single cyanobacterial strain may produce many peptides and consequently the isolation 
and purification of the peptides, which is required for structural determination, is a laborious 
multistep process. When the first structures of the cyanobacterial peptides described were 
solved, the presence of unusual nonprotein amino acids made it questionable whether they 
were made by the ribosomal peptide synthesis. 
1.3 Biosynthesis of nonribosomal peptides
Principally, there are two kinds of the nonribosomal peptide synthesis: in one type 
the biosynthesis of peptides is catalyzed by ligases, which are rather small compared 
with the multifunctional enzymes of the other class of nonribosomal peptide synthetases 
(NRPSs). Cyanophycin is a branched peptide found in cyanobacteria serving putatively 
as reserve material for nitrogen and energy. Cyanophycin, which accumulates as granules 
in the cytoplasm, consists normally of L-aspartic acid and L-arginine at a molar ratio 
of approximately 1:1 and is a multi-L-arginine-poly-L-aspartic acid (Simon, 1971). 
The polymer, with an estimated mass range of  25-100 kDa (Simon, 1971), is made 
nonribosomally by cyanophycin synthetase (Simon, 1973). Cyanophycin synthetase is simlar 
to the ligases involved in the biosynthesis of bacterial peptidoglycan and to the bacterial 
folyl-poly(γ-glutamate) synthetases (Ziegler et al., 1998). This type of nonribosomal 
peptide synthesis, including the biosynthesis of glutathione, differs from the second type of 
nonribosomal peptide synthesis, which is described in this study. The enzymes of the first 
group (ligases) are small compared with the usually large modular enzymes of the other 
type and probably activate amino acids as aminoacylphosphates (Ziegler et al., 1998), while 
peptide synthetases activate amino acids by adenylation. The present study deals only with 
the modular nonribosomal peptide synthetases of the second group. 
1.3.1 Nonribosomal peptide synthetases
The so-called nonribosomal peptides are formed by enzyme complexes that are 
generated ribosomally by standard protein synthesis. The activation of amino acids in the 
multienzymatic process resembles the way amino acids are activated in ribosomal peptide 
synthesis, but the enzymes involved are not structurally or catalytically similar (Pavela 
–Vrancic et al., 1994).
Activation of amino acids (R-COO-) in ribosomal peptide synthesis is catalyzed by 
specific tRNA synthetases (E) and the end products are aminoacyl-tRNAs: 
E + R-COO- + ATP → E[aminoacyl-AMP] + PPi 
E[aminoacyl -AMP] + tRNA → aminoacyl-tRNA + AMP 
In the protein template-directed peptide synthesis substrates (amino acids or hydroxy 
acids, R-COO-) are activated by the adenylation domain (A) of each module and then 
covalently bound as thioesters to the thiolation (peptidyl carrier protein, PCP) domain of 
each module: 
A + R-COO- + ATP → A[R-CO-AMP] + PPi
A[R-CO-AMP] + PCP-SH → R-CO-S-PCP + AMP 
In ribosomal peptide synthesis, peptide bond formation is directed by ribosomes and 
mRNA acts as a template determining the amino acid sequence of the product (Fig. 2). The 
number of naturally incorporated amino acids in ribosomal peptides is restricted to 20 coded 
for by the triplets in mRNA. 
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In nonribosomal peptide synthesis, modular proteins with multiple activities catalyze 
the assembly of the peptides and simultaneously serve as templates (Fig. 2). In addition to 
the proteinogenic amino acids, hydroxy acids, pseudo and nonproteinogenic amino acids 
also serve as substrates for the thiotemplate machinery. More than 300 direct precursors are 
known (Kleinkauf and von Döhren, 1996). In the biosynthesis process they can be modified 
in various ways by the integrated domains or by functions coded for by separate genes, 
leading to an enormous diversity of linear or cyclic peptides. The sizes of these peptides 
range from 2 to 48 amino acids (Kleinkauf and von Döhren, 1996) in contrast to ribosomal 
peptides, which can consist of more than 3000 amino acid residues.
In 1954 Fritz Lipmann already proposed a model of polypeptide synthesis on a protein 
template analogous to that of fatty acid synthesis (Lipmann, 1954). Cell extract studies in 
the 1960s proved that small peptides can be produced without ribosomes (Berg et al., 1965; 
Yukioka et al., 1965; Tomino et al., 1967; Gevers et al., 1968, 1969; Kleinkauf et al., 1969). 
The basic features of the biosyntheses of gramicidin S and tyrocidine, the antibiotic peptides 
produced by certain strains of Brevibacillus brevis, were already mainly determined at that 
time. Further studies during the 1970s improved understanding of the biochemical reactions 
in nonribosomal peptide synthesis and showed that it is carried out via the thiotemplate 
pathway (Lipmann, 1971, 1980; Kurahashi, 1974). The model in use at that time postulated 
the existence of multienzyme systems that catalyze the activation of substrate amino acids 
in two steps, including aminoacyl adenylates and thioesters as intermediates. It was also 
shown that phosphopantetheine is needed as a cofactor (Kleinkauf et al., 1970; Lee and 
Lipmann, 1974; Akers et al., 1977).
The first peptide synthetase genes for syntheses of the antibiotics tyrocidine and 
gramicidin S were sequenced in 1988 and 1989 (Weckermann et al., 1988; Hori et al., 1989; 
Krätzschmar et al., 1989; Mittenhuber et al., 1989). The sequences of the tyrocidine and 
gramicidin S synthetases were strikingly similar (Hori et al., 1989). Sequence comparison 
of an increasing number of peptide synthetases suggested a modular structure for these 
enzymes (Turgay et al., 1992) (Fig. 2), which was subsequently confirmed by deletion 
experiments (Stachelhaus and Marahiel, 1995) . 
The role of a serine residue as the phosphopantetheine-binding site in the thiolation 
(peptidyl carrier) domains was first demonstrated by Schlumbohm et al. (1991) by labeling 
the reaction centers with radioactive substrate amino acids. This important element of the 
thiotemplate mechanism and the multiple carrier mode of nonribosomal peptide synthesis 
were later verified by Stein et al. (1994, 1996) by mass spectrometry and amino acid 
analysis. Their results gave evidence that each amino acid-activating module carried a 
phosphopantetheine cofactor. This was an improvement on Lipmann’s original thiotemplate 
mechanism, which assumed a single central pantetheine arm and a cysteine residue for 
amino acid binding in the peptide synthetase.
Posttranslational modification by adding the phosphopantetheinyl group is needed to 
make peptide synthetases functional (Walsh et al., 1997). The 4’-phosphopantetheine is 
transferred by a phosphopantetheinyl transferase from coenzyme A (CoA) to a specific 
serine residue in each thiolation/peptidyl carrier domain of the nonribosomal peptide 
synthetase (Lambalot et al., 1996; Walsh et al., 1997). This modification converts the 
protein from the inactive apo form to the active holo form. The acyl carrier proteins (ACPs) 
of polyketide synthase (PKS) and fatty acid synthase are also modified in this manner 
(Walsh et al., 1997).
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1.3.2 Modular structure of peptide synthetases 
In ribosomal and nonribosomal peptide synthesis, the activation of amino acids is 
followed by peptide bond formation and the steps are repeated until the final length of the 
peptide is attained (Fig. 3). The nonribosomal peptide synthetases are composed of modules 
containing the functional domains needed for each of these reactions (von Döhren et al., 
1997; Marahiel et al., 1997). The order and number of the modules determine the sequence 
and length of the peptide. The basic module is built of domains for adenylation, thiolation 
and condensation (Fig. 3). The adenylation domain comprises roughly 550 amino acids (aa) 
and is responsible for the recognition and activation of an amino acid. The thiolation domain 
(about 80 aa) is the site for the binding of substrate as a thioester. The formation of the 
peptide bond is catalyzed by the condensation domain, of approximately 400 aa in length 
(Fig. 3). Modifying activities, such as N-methylation and epimerization, are frequently 
found in peptide synthetases. The termination of nonribosomal peptide biosynthesis and 
release of the product via hydrolytic cleavage or intramolecular cyclization is catalyzed by 
thioesterase (TE) activity. TE can be integrated in the C-terminus of the last module as a 
domain of about 250 aa, or it is a distinct enzyme coded by a separate gene (Schneider and 
Marahiel, 1998; Trauger et al., 2000; Kohli et al., 2001).
1.3.3 Substrate specificity of peptide synthetases
One important characteristic of a NRPS is that the amino acid sequence of the catalyzed 
peptide in an organism is variable. This results mainly from the only moderate substrate 
specificity of many modules in peptide synthetases (Ruttenberg and Mach, 1966; Lawen 
and Traber, 1993; Peypoux et al., 1994). However, some positions of a particular peptide 
are significantly more resistant to replacement than others, reflecting the importance of the 
residues in these positions for the function of the product. For instance, the synthetase of the 
cyclic undecapeptide cyclosporin (produced by the fungus Tolypocladium niveum) shows 
low specificity of the amino acids at positions 2 and 8, moderate specificity at positions 5 
and 11, and very high specificity at position 3 (Lawen and Traber, 1993). 
The adenylate domain was shown to play a role in selecting the amino acid substrates 
(Stachelhaus and Marahiel, 1995; Dieckmann et al., 1995). The structural basis of substrate 
binding was revealed when the structure of the adenylation domain of gramicidin S 
synthetase 1 (GrsA), complexed with phenylalanine and adenosine monophosphate (AMP), 
was determined by crystallization (Conti et al., 1997). GrsA activates phenylalanine in 
gramicidin S biosynthesis of Brevibacillus brevis (formerly Bacillus brevis). By comparing 
the sequence of the phenylalanine-binding pocket with the adenylation domain sequences 
in the databases, Stachelhaus et al. (1999) presented the selectivity-conferring code (or 
specificity code) of 10 amino acids for adenylation domains. Rules for inferring the 
substrate specificity were developed, and these rules were tested by mutations (Stachelhaus 
et al., 1999). Challis et al. (2000) used information on the crystal structure of GrsA to 
develop a computer method for finding specificity codes from the amino acid sequences 
of adenylation domains. Based on these two studies it is possible to deduce which amino 
acid is the substrate from the amino acid sequence of an adenylation domain. However, 
there should be a verified precedent for the specificity code in the databases to make the 
prediction reliable. Information on the amino acids in the substrate-binding pockets is used 
for the rational alteration of substrate specificity and thus for changing the structure of 
nonribosomal peptides (Stachelhaus et al., 1999; Eppelmann et al., 2002). The studies of 
Belshaw et al. (1999) and Ehmann et al. (2000) showed that the condensation domain also 
acts selectively during the synthesis of nonribosomal peptides. 
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1.3.4 Colinearity between peptide synthetases and their products
In many NRPS gene clusters the order of the coded activities is colinear with the 
structure of the product, and the number of modules is the same as the number of residues 
in the finished peptide (von Döhren et al., 1997; Marahiel et al., 1997). Consequently, it is 
possible by analysing the sequence of the NRPS genes to deduce the composition of the 
peptide, provided the substrate specificities of the adenylation domains are known. Which 
amino acid is activated by an adenylation domain can in many cases be deduced from the 
gene sequence. This is made possible by comparing the so-called selectivity-conferring code 
of the adenylation domain with the known precedents, as described by Stachelhaus et al. 
(1999) and Challis et al. (2000). The reverse is also valid: based on structural information 
the genes of a particular synthetase can be identified from a strain that produces more than 
one nonribosomal peptide. Currently, several nonlinear NRPSs are known, including the 
synthetases of syringomycin (Guenzi et al., 1998), yersiniabactin (Gehring et al., 1998), 
mycobactin (Quadri et al., 1998) and bleomycin (Du et al., 2000).
Some peptides are assembled by the iterative use of modules or domains, so that 
the peptide chain is composed of smaller repeated units. Examples of this type are the 
synthetases of enterobactin from Escherichia coli (Gehring et al., 1997) and of gramicidin 
S from Brevibacillus brevis (Kohli et al., 2001). The activities and number of modules 
correspond only to a single set of the repetitive structure of the product. 
1.4 Biosynthesis of polyketides 
1.4.1 Types of bacterial polyketide synthases
Polyketides are products of a biosynthetic process analogous to fatty acid biosynthesis. 
All polyketide synthases (PKSs) use small acyl coenzyme A (acyl CoA) units such as acetyl, 
propionyl, malonyl or methylmalonyl CoA in sequential decarboxylative condensation 
reactions to form linear or cyclic carbon backbones. The wide variety in the structures of 
polyketides is the result of miscellaneous starter substrates, differences in the number and 
type of elongation units and modifications catalyzed by tailoring activities. Many different 
acyl CoA esters may act as the starter unit. In addition to the modifying activities coded 
by PKS genes, polyketides may be modified after synthesis by metabolic enzymes not 
exclusively associated with polyketides. 
Polyketide synthases have been classified according to the structural resemblance 
with the fatty acid synthases. Type I PKSs are structurally similar to the class I fungal 
and vertebrate fatty acid synthases, since they are large modular proteins carrying all the 
active domains required for the polyketide synthesis. The basic module contains an acyl 
transferase (AT), a ketosynthase (KS) and an acyl carrier protein (ACP) domain, where the 
phosphopantetheine cofactor is bound. Some but not all PKS modules have one or more 
of the following additional activities: ketoreductase (KR), dehydratase (DH) and enoyl 
reductase (ER). The organization and number of the modules in type I PKS determine the 
size and structure of the product. The gene cluster from Saccharopolyspora erythraea for 
the biosynthesis of the macrolide antibiotic erythromycin is a good example of the class I 
polyketide synthases (Hopwood, 1997).
In type II PKSs the catalytic activities are on separate polypeptides as in the type II 
fatty acid synthases of bacteria and fungi. Type II PKS enzymes work repetitively and are 
typically involved in the biosynthesis of aromatic antibiotics in bacteria. They have no 
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Figure 3. General models for modular nonribosomal peptide synthetases and modular 
polyketide synthases.
Hypothetical two-modular nonribosomal peptide synthetase (NRPS, A) and polyketide synthase 
(PKS, B), are compared. 
A. The first module of the NRPS is the loading module containing typically adenylation (A1) and 
peptidyl carrier (thiolation) domains (PCP) followed here by the epimerase domain, which often 
forms the C-terminus of the protein when present. The second NRPS module, a separate protein, 
consists of condensation (C), adenylation (A2), N-methyltransferase (MT), peptidyl carrier (PCP) and 
thioesterase (TE) domains. When present, the MT domain is embedded in the adenylation domain. 
NRPSs use amino acids (or hydroxy acids) as substrates, which are activated as adenylates by the 
adenylation domains and then bound as thioesters to the phophopantetheine groups of the PCP 
domains. The C domains catalyze the condensation reactions. The common modifications found 
in nonribosomal peptides are epimerization and N-methylation catalyzed by the corresponding 
domains. 
B. In the sample PKS are two modules in one protein: the first is the loading module with acyl 
transferase (AT) and acyl carrier domains (ACP). The second module includes ketosynthase (KS), 
dehydratase (DH), enoyl reductase (ER), ketoreductase (KR) and thioesterase (TE) domains in 
addition to AT and ACP domains. Many different esters of coenzyme A (CoA) can serve as starter 
molecules for PKSs, whereas the extending unit frequently is malonyl CoA. The AT domains transfer 
substrates to the phophopantetheine groups of the ACP domains. The KS domains catalyze the 
elongation steps of the carbon chain. Thus, AT, ACP and KS domains correspond to the adenylation, 
peptidyl carrier and condensation domains of NRPSs, respectively.The KR domain alone or together 
with either the DH or ER domains, or both, catalyzes the alternative reductions of polyketides. 
The terminal thioesterase domain releases the finished product from NRPS and PKS by hydrolysis 
or cyclization.
A.
B.
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distinct AT but use the malonyl transferase of fatty acid synthesis. Furthermore, particular 
type II PKS genes encode a protein called chainlength factor (CLF), which is similar to the 
KSs. Another distinction is that the aromatases and/or cyclases are used for ringmaking in 
type II PKSs. A good model for this class is the biosynthesis of the aromatic polyketide 
antibiotic actinorhodin in Streptomyces coelicolor (Hopwood, 1997).
By translating the genes of type I PKS it is possible to suggest the size and structure of 
the product that the encoded polypeptides manufacture. This is not possible with the type 
II PKS genes, because the order and number of repeated reactions cannot be deduced from 
the sequences. 
The third class of PKSs, which was originally found in plants and recently in bacteria 
(Moore and Hopke, 2001), is different from other polyketide synthases and all fatty acid 
synthases. The class III PKSs are essentially rather small condensing enzymes using acyl 
CoA substrates directly and repeatedly without AT and ACP. However, there are now many 
examples illustrating several exceptions to the concept of PKS types I, II and III (Shen, 
2003; Müller, 2004).
1.4.2 Bacterial mixed nonribosomal peptide synthetases/ polyketide 
synthases
There are many structural (Fig. 3) and catalytic similarities between nonribosomal 
peptide synhetases and modular polyketide synthases. Therefore, the finding of cooperative 
or integrated systems, which use both the NRPS and PKS modules, is natural. To date, 
several gene clusters coding for the mixed nonribosomal peptide synhetases/polyketide 
synthases are known (Table 8), but only a few that have the combined NRPS/PKS gene(s). 
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2. Aims of the present study
Cyanobacteria produce a wide variety of bioactive compounds, including toxic 
microcystins that cause health problems for animals and humans. Cyanobacteria producing 
microcystin cannot be differentiated from nonproducers based on their morphology. 
Microcystins can be detected in natural samples by biotests and chemical or biochemical 
analyses, but the producer strain(s) may remain unknown without isolation. New molecular 
biological methods are needed to characterize the toxic strains. Revealing the genes of 
microcystin biosynthesis is the basis for developing tools to identify toxin producers. 
Anabaena is an important toxin producer in freshwaters from Finland (Sivonen et al., 
1990). Therefore Anabaena 90, which in addition to microcystins produces two other 
types of cyclic peptide (anabaenopeptilides and anabaenopeptins), was selected as a model 
to investigate the genetics of the nonribosomal peptide synthesis/polyketide synthesis in 
cyanobacteria. 
The specific aims of this study were:
1) To use the cyanobacterial tandemly repeated sequence for distinguishing 
Anabaena strains (I)
2) To screen cyanobacterial strains for the presence of peptide synthetases (II)
3) To clone and characterize the genes coding for the biosyntheses of 
anabaenopeptilides and microcystins of Anabaena strain 90 (III and IV)
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3. Materials and Methods
The cyanobacterial strains used were mostly from the collection of Kaarina Sivonen 
maintaned in the Department of Applied Chemistry and Microbiology at the University 
of Helsinki. In addition, strains from other culture collections were included: Pasteur 
Culture Collection (PCC), Paris, France; Microbial Culture Collection of the National 
Institute for Environmental Studies (NIES), Tsukuba, Japan; University of New South 
Wales Culture Collection (UNSW), Sydney, Australia; Culture Collection of Australian 
Water Technologies (AWT), Sydney, Australia; Culture Collection of Humboldt University 
(HUB), Berlin, Germany; Culture Collection of Norwegian Institute for Water Research 
(CYA) Oslo, Norway (Table 10).
Anabaena 90, isolated in Finland from L. Vesijärvi in 1986 (Sivonen et al., 1992) 
produces three microcystins (Sivonen et al., 1992) and two other cyclic peptides, two 
anbaenopeptilides and three anabaenopeptins (Fujii et al., 1996). Anabaena 90 was used 
in this study for cloning and characterization of the genes encoding the biosyntheses of the 
anbaenopeptilides and the microcystins (III and IV).
The experimental procedures used in this study are listed in Table 9 and they are presented 
in more detail in I - IV.
Table 9. Experimental procedures used in this study. The methods are 
described in the original publications, referred to by the Roman numerals. 
Experimental procedure Publication
Culturing of cyanobacteria I II III IV
Purification of cyanobacteria to axenic cultures I
Determination of chlorophyll a concentration I III
Isolation and purification of genomic DNA from cyanobacteria I II III IV
Plasmid isolation from cyanobacteria I
Agarose gel electrophoresis I  
Radioactive labeling of DNA I II III
Southern hybridization I  III
Dot-blot hybridization  II
Colony hybridization III IV
DNA amplification by polymerase chain reaction (PCR)  II III IV
Construction of genomic library III
Enzyme-linked immunosorbent assay (ELISA) II
Protein phosphatase inhibition assay II
High pressure liquid chromatography (HPLC) II
Matrix-assisted laser desorption ionization-time of flight mass 
spectrometry (MALDI TOF-MS)
III
Protein expression in Escherichia coli III
Isolation and fractionation of proteins III
Western blotting and immunodetection of proteins  III
DNA sequencing II III IV
Bioinformatics III IV
Insertion mutagenesis III
DNA transfer by electroporation III
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Table 10. Origin of cyanobacterial strains used in this study and their 
toxicities. 
Strain Toxicity/toxin(s)a Origin
Anabaena circinalis AWT 006 N/saxitoxins Australia
Anabaena cylindrica NIES 19 Nontoxic England
Anabaena sp. strain 14 N/anatoxin-a Finland
Anabaena sp. strain 37 N/anatoxin-a Finland
Anabaena sp. strain 54 N/anatoxin-a Finland
Anabaena sp. strain 79 N/anatoxin-a Finland
Anabaena sp. strain 86 N/anatoxin-a Finland
Anabaena sp. strain 123 N/anatoxin-a Finland
Anabaena sp. strain 130 N/anatoxin-a Finland
Anabaena sp. strain 66A H/microcystins Finland
Anabaena sp. strain 66B H/microcystins Finland
Anabaena flos-aquae CYA 83/1 H/microcystins Norway
Anabaena sp. strain 90 H/microcystins Finland
Anabaena sp. strain 186 H/microcystins Finland
Anabaena sp. strain 202A1 H/microcystins Finland
Anabaena sp. strain 202A2 H/microcystins Finland
Anabaena sp. strain 277 Nontoxic Finland
Anabaena sp. strain 299A Nontoxic Finland
Anabaena sp. strain 302 Nontoxic Finland
Aphanizomenon sp. strain 3 N/anatoxin-a Finland
Aphanizomenon sp. strain 301 Nontoxic Finland
Aphanizomenon sp. strain TR18 Nontoxic Finland
Aphanizomenon sp. strain 202 Nontoxic Finland
Aphanizomenon flos-aquae NIES 81 Nontoxic Japan
Cylindrospermopsis raciborskii AWT 205 Cylindrospermopsin Australia
Lyngbya sp. strain AWT 211 Nontoxic Australia
Microcystis aeruginosa PCC 7806 H/microcystins The Netherlands
Microcystis aeruginosa HUB 524 H/microcystins Germany
Microcystis aeruginosa PCC 7820 H/microcystins Scotland
Microcystis wesenbergii NIES 107 H/microcystins Japan
Microcystis viridis NIES 102 H/microcystins Japan
Microcystis sp. strain AWT 139 H/microcystins Australia
Microcystis sp. strain UNSW CP1 H/microcystins Australia
Microcystis sp. strain 98 H/microcystins Finland
Microcystis sp. strain 199 H/microcystins Finland
Microcystis sp. strain 205 H/microcystins Finland
Microcystis aeruginosa PCC 7005 Nontoxic United States
Microcystis aeruginosa NIES 99 Nontoxic Japan
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Microcystis elabens NIES 42 Nontoxic Japan
Microcystis sp. strain HUB 53 Nontoxic Germany
Microcystis sp. strain 130 Nontoxic Finland
Microcystis sp. strain 265 Nontoxic Finland
Microcystis sp. strain 269 Nontoxic Finland
Nodularia spumigena PCC 73104 H/nodularin Canada
Nodularia spumigena BY1 H/nodularin Finland
Nodularia spumigena HEM H/nodularin Finland
Nodularia spumigena NSO H/nodularin Australia
Nodularia sphaerocarpa HKVV Nontoxic Finland
Nostoc/Anabaena sp. strain 7120 Nontoxic United States
Nostoc commune NIES 24 Nontoxic Japan
Nostoc punctiforme PCC 73120 Nontoxic Australia
Nostoc sp. strain 268 Nontoxic Russia
Nostoc sp. strain 152 H/microcystins Finland
Oscillatoria agardhii NIES 204 H/microcystins Japan
Oscillatoria agardhii 1/1 Nontoxic Finland
Oscillatoria agardhii 2 Nontoxic Finland
Oscillatoria agardhii 18 Nontoxic Finland
Oscillatoria agardhii 18R H/microcystins Finland
Oscillatoria agardhii 27 Nontoxic Finland
Oscillatoria agardhii 45 Nontoxic Finland
Oscillatoria agardhii 49 H/microcystins Finland
Oscillatoria agardhii 97 H/microcystins Finland
Oscillatoria agardhii CYA 126 H/microcystins Finland
Oscillatoria agardhii 128 H/microcystins Finland
Oscillatoria agardhii 195 H/microcystins Finland 
Oscillatoria agardhii 209 H/microcystins Finland
Oscillatoria agardhii 214 H/microcystins Finland
Oscillatoria agardhii 223 H/microcystins Finland
Oscillatoria agardhii 226 H/microcystins Finland
Oscillatoria agardhii 193 N/anatoxin-a Finland
Plectonema sp. strain UNSW 901700 Nontoxic United States
Pseudanabaena sp. strain AWT 300 Nontoxic Australia 
Synechococcus sp. strain AWT 400 Nontoxic Australia
a N, neurotoxic; H, hepatotoxic.
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4. Results
4.1 Use of DNA probes to differentiate toxic cyanobacteria 
4.1.1 Repeated heptamer oligonucleotide as a probe
To characterize the planktonic cyanobacteria isolated from lakes in Finland, the 
cyanobacterial strains were first purified axenic (I, Table 1). Most of the strains tested were 
toxic, producing neurotoxic anatoxin-a or hepatotoxic microcystins (I, Tables 1 and 2). 
The short tandemly repeated DNA sequence (CCCCAGT) was found at many locations 
in the genomes of Anabaena, Nostoc and Calothrix strains (Bauer et al., 1993). The 
oligonucleotide (GGGGACTGGGGACTGGGGACTGGGG), which contains three and a 
half times the reversed and complementary sequence of the repeat, was chosen as a probe 
to explore the presence of the tandem repeats in newly purified strains. The hybridization 
results were utilized to assess the prospects for distinguishing cyanobacterial strains by 
using that probe (I, Table 1). The target sequence was found at many locations of the 
genomes of Anabaena and of two Nostoc strains (I, Fig. 1 and 2), but in only one short (1.2-
1.3 kb) genomic segment of three Microcystis strains (six strains were tested; I, Table 1). 
No Oscillatoria/Planktothrix strain had this heptamer repeat sequence in its genome. The 
difference in number of genomic sites carrying the repeat and in the number of heptamer 
copies was seen in Anabaena and Nostoc as well as strong clustering of this sequence in 
some Anabaena strains. This method clearly differentiated Nostoc from Anabaena and the 
hepatotoxic Anabaena strains from the neurotoxic strains and is thus suitable for comparing 
the filamentous heterocystous cyanobacteria, which are closely related. 
4.1.2 Detection of the producers of microcystins and other nonribosomal 
peptides with molecular probes and the polymerase chain reaction (PCR)
Molecular methods were used to detect cyanobacteria, which are potential producers of 
microcystins and of other nonribosomal peptides (II). The microcystin synthetase specific 
primers (FAA and RAA; II, Table 1) were designed to amplify by the polymerase chain 
reaction a fragment of the microcystin synthetase gene (mcyB) from microcystin-producing 
cyanobacteria (MS-PCR; II). The general, degenerate, peptide synthetase primers (MTF2 
and MTR), which were based on the conserved motifs in the nonribosomal peptide 
synthetases, were selected to enable the amplification of any peptide synthetase gene (II, 
Table 1). 
The hybridization results with the gene probes were compared with the above-mentioned 
PCR methods (II, Table 2). The peptide synthetase gene probes were from Anabaena 90 
(the 2.0- and 2.4-kb fragments of a peptide synthetase gene; II). The microcystin synthetase 
probe was from Microcystis aeruginosa HUB 524 (the 1.15-kb clone of mcyB; II). 
The DNA samples for the PCR experiments were mainly from strains known to be 
producers or nonproducers of microcystins or nodularin (II, Table 2). The neurotoxic 
Anabaena strains were not investigated with PCR, because peptide synthetase sequences 
were not found in these strains with hybridizations (II, Fig. 2B and C). 
The results from both the hybridizations and the PCR to find the mcyB genotypes 
correlated well with each other and with the production of microcystin or nodularin. The 
intensity of the hybridization signals differed between samples (II, Fig. 2B). From these 
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results we concluded that there were dissimilarities in the sequence of mcyB from different 
species. 
The peptide synthetase PCR using the primers MTF2 and MTR gave positive amplification 
results with all the tested strains, excluding a Synechococcus strain (II, Table 2). This showed 
that the nonribosomal peptide synthetase genes are commonly found in cyanobacteria. The 
peptide synthetase gene probes of Anabaena 90 (the 2.0- and 2.4-kb fragments) hybridized 
to the DNA from toxic (microcystin- and nodularin-producing, 9/19) and from nontoxic (3/
12) strains (II, Fig. 2C). This suggests that sequences similar to the peptide synthetase gene 
probes may be present in producers and nonproducers of microcystin or nodularin and thus 
are not necessarily connected with toxin biosynthesis. The neurotoxic strains (5/36) were 
negative in those hybridizations with the mcyB probe and the peptide synthetase probes (II, 
Fig. 2B and C). This result indicates that the neurotoxic strains investigated do not have 
similar sequences in the genomes. 
4.2 Biosynthetic gene cluster of the anabaenopeptilides from Anabaena 90
A 40-kb region from the genome of Anabaena 90 was characterized to identify the genes 
coding for the biosynthesis of anabaenopeptilides (Table 11) (III). It was found to contain 
three genes named apdA, apdB and apdD coding for nonribosomal peptide synthetases, 
having seven modules in total. Further three genes (apdC, apdE and apdF) code for a 
halogenase, a methyltransferase and a reductase, respectively. 
Table 11. Deduced functions coded by the gene cluster for the 
anabaenopeptilide synthetase (III)
Genes and modules Size (aa)(MW) Proposed functionsa Activated amino acidb
apdA 2258 (253 034 Da ) NRPS domains
  module 1 F, A , T (PCP) Glutamine
  module 2 C, A, PCP Threonine
apdB NRPS domains
  module 3 5060 (566 213 Da) C, A, PCP (Homotyrosine)
  module 4  C, A, PCP (Glutamic acid/glutamine)
  module 5 C, A, MT, PCP Threonine
  module 6 C, A, MT, PCP Tyrosine
apdC 625 (71 980 Da) Halogenase
apdD 1383 (155 393 Da) NRPS domains
  module 7 C, A, PCP, TE Isoleucine
apdE 263 (30 350 Da) Methyltransferase
apdF 245 (25 821 Da) Reductase
a Abbreviations: NRPS, nonribosomal peptide synthetase; F, formyltransferase domain; A, 
adenylation; T, thiolation, also called PCP, peptidyl carrier; C, condensation; MT, N-methyltransferase; 
TE, thioesterase. 
b Amino acid activated by each module as determined from the specificity codes according 
to Stachelhaus et al., (1999) or proposed from the structure of the anabaenopeptilides (in 
parenthesis).
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The total length of these genes was 29 kb. The order of the functional units coded for 
by the NRPS genes was found to be colinear with the sequence of the amino acids in the 
anabaenopeptilides (Table 11; III, Fig. 1). The gene apdC is the only halogenase gene 
reported in cyanobacteria to date. A BLAST search of ApdC resulted in highest similarity 
to the halogenase of Xanthomonas campestris pv. campestris str. ATCC 33913 (identity 
of 37% and similarity of 53% in 479 amino acids). The halogenase of Pseudomonas 
fluorescens, PltA, was 28% identical and 43% similar in 353 amino acids, and the 
halogenase of Amycolatopsis balhimycina was 25% identical and 43% similar in 268 amino 
acids. The formyltransferase domain found in the N-terminus of ApdA was the first reported 
in nonribosomal peptide synthetases and showed low similarity to the bacterial methionyl-
tRNA formyltransferases (about 30% identity, 45% similarity in 200 amino acids). Four 
genes were found upstream of the NRPS genes (Table 12); three of these were similar to 
the genes coding for the known functions (Table 12). The knockout mutant, which resulted 
from insertion of the chloramphenicol resistance gene in the start of apdA (Fig. 8, III), did 
not produce the anabaenopeptilides (III, Fig. 7), but still produced anabaenopeptins and 
microcystins (III, Fig. 7), confirming that the apd gene cluster is specifically responsible for 
biosynthesis of the anabaenopeptilides. 
Table 12. ORFs upstream from the anabaenopeptilide synthetase genes (III).
a Orientation of the open reading frames (ORFs) compared with the translation direction of the 
anabaenopeptilide synthetase genes; ( + ) is the same direction and ( – ) the opposite direction.
b Functions as deduced from the results of the BLAST searches.
c Percentage values from the results of the BLAST searches. 
4.3 Genes for biosynthesis of the microcystins from Anabaena 90
To identify the genes for biosynthesis of microcystins, a gene cluster of 55 kb was 
sequenced and characterized from Anabaena 90 (IV). Two sets of genes transcribed in 
opposite directions were found (Fig. 1, IV). One assemblage consisted of the peptide 
synthetase genes mcyA, mcyB and mcyC (Table 13). The other group contained one PKS 
gene (mcyD), one combined NRPS/PKS gene (mcyG), one combined PKS/NRPS gene 
(mcyE) and three genes (mcyJ, mcyF and mcyI) coding for the modifications of amino acids. 
In addition, the last gene of this cluster (mcyH) was similar to those genes that coded for 
a transporting system protein (Table 13). The characterized genes of Anabaena 90, in the 
order mcyG, mcyD, mcyJ, mcyE, mcyF, mcyI and from mcyA to mcyC, coded for functions 
that were found to be colinear with the structure of microcystin-LR and microcystin-RR 
ORFa Size, amino acids Proposed functionb Protein homologue Identity/
similarityc
ORF1 ( – ) 577 Patatin-like protein Patatin, Nostoc 
punctiforme
60/73
ORF2 ( – ) 391 Hypothetical protein Hypothetical protein, 44/62
Anabaena variabilis
ORF3 ( + ) 585 Arginyl-tRNA 
synthetase
ArgS, Nostoc sp. PCC 
7120
80/89
ORF4 ( – ) 612 (incomplete) DNA mismatch repair 
protein
MutS, Nostoc sp. PCC 
7120 
77/84
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(Table13; IV, Fig 1). These functions included the C-methyltransferase activities of McyG 
and McyD, and the aminotransferase activity of McyE (Table13) not commonly found in 
polyketide synthases. The sequences of the mcy genes of Anabaena 90 showed high identity, 
from 67% to 81%, to the microcystin synthetase genes of Microcystis aeruginosa PCC 7806 
and K-139, and of Planktothrix agardhii CYA 126 (IV, Table 1). These results support our 
view that the characterized genes code for the biosynthesis of microcystins.
Table 13. Deduced functions coded by the gene cluster for the microcystin 
biosynthesis in Anabaena 90
aPmodule = nonribosomal peptide synthetase module; PKmodule = polyketide synthase module 
bAbbreviations: NRPS, nonribosomal peptide synthetase; A, adenylation; MT, N-methyltranferase; 
PCP, peptidyl carrier; C, condensation; EP, epimerase; TE, thioesterase; PKS, polyketide synthase; 
KS, ketosynthase; AT, acyltransferase, CM, C-methyltransferase; KR, ketoreductase; ACP, acyl 
carrier protein, DH, dehydratase; AMT, aminotransferase. 
cAmino acid activated by each module as determined from the specificity codes according to 
Stachelhaus et al., (1999) or proposed from the structure of the microcystins, in parenthesis.
dAcyl group incorporated by PKS, and other group added by tailoring domain/enzyme (in square 
brackets).
Genes and 
modulesa
Amino 
acids 
(MW) Functionsb Activated amino acidc 
or incorporated groupd
mcyA 8 354 (315 663 Da) NRPS domains
  Pmodule 1 A, MT, PCP Serine
  Pmodule 2 C, A, PCP, EP Alanine
mcyB 2 133 (243 072 Da) NRPS domains
  Pmodule 3 C, A, PCP (Leucine/Arginine)
  Pmodule 4 C, A, PCP (Aspartic acid/
Methylasparticacid)
mcyC 1 284 (146 877 Da) NRPS domains
  Pmodule 5 C, A, PCP, TE (Arginine)
mcyG 2 635 (292 851 Da) Mixed NRPS/PKS domains
   Pmodule 6 A, PCP/(ACP) (Phenylacetyl)
   PKmodule 1 KS, AT, CM, KR, ACP Acetyl [methyl]
mcyD 3 869 (430 216 Da) PKS domains
   PKmodule 2 KS, AT, DH, CM, KR, ACP Acetyl [methyl]
   PKmodule 3 KS, AT, DH, KR, ACP Acetyl
mcyE 3 482 (388 735 Da) Mixed PKS/NRPS domains
   PKmodule 2 KS, AT, ACP, CM, AMT Acetyl [amino]
   Pmodule 7  C, A, PCP, C (Glutamic acid)
mcyF 252 (28 426 Da) Racemase
mcyI 337 (36 750 Da) Dehydrogenase
mcyJ 310 (35 812 Da) Methyltransferase
mcyH 592 (67 731 Da) ABC transporter ATP-binding
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5. Discussion
Cyanobacterial strains producing toxic microcystins have been found within the same 
species together with nontoxic strains and cannot be discriminated by morphological 
attributes. Chemical, biochemical or biological methods are reliable for the detection 
of toxins but do not disclose the producer without isolation of the strain. Isolation and 
purification of cyanobacterial strains is a difficult and time-consuming task. Genetic 
methods have been used to differentiate between toxic and nontoxic cyanobacterial species 
or strains. Sequencing of the ribosomal RNA (rRNA) genes and the intergenic spacer of the 
phycocyanin operon (PC-IGS) was performed to classify and determine the phylogenetic 
relationships between the toxic and nontoxic strains of Microcystis (Neilan et al., 1997; 
Tillett et al., 2001) and other cyanobacteria (Lyra et al., 2001; Gugger et al., 2002). These 
studies showed that toxic and nontoxic strains were dispersed among the different groups 
of Microcystis or of other cyanobacteria and could not be distinguished by methods based 
on the sequences of the rRNA or phycocyanin genes. Aplication of similar techniques to 
Nodularia (Lehtimäki et al., 2000; Laamanen et al., 2001) showed that toxic and nontoxic 
strains were genetically distinct, and that only one species which produces nodularin, forms 
toxic blooms in the Baltic Sea. 
Molecular tools based on the biosynthesis genes are a good option for recognizing the 
toxin producers. Prior to finding the microcystin synthetase genes, the repeated heptamer 
sequence (GGGGACTGGGGACTGGGGACTGGGG) was used here as a probe to 
differentiate the cyanobacteria. This probe is based on the insert sequence originally found 
in the nifJ gene of Anabaena/Nostoc 7120 (Bauer et al., 1993). As shown in I, hybridization 
with the repeated heptamer probe discriminated the neurotoxic strains of Anabaena from 
the hepatotoxic strains, proving that they were genetically different. This was supported 
later by phylogenetic studies (Lyra et al., 2001; Gugger et al., 2002), which showed that the 
neurotoxic and hepatotoxic strains belonged to different clusters in the phylogenetic tree of 
Anabaena.
The repeated sequence (CCCCAGT) detected in I proved to be specific for the 
heterocystous cyanobacteria tested, since it was not found in Oscillatoria/Planktothrix 
strains and only at a single chromosomal location in Microcystis strains (I). In addition, 
the repeated sequence was found at several locations in the genomes of the Nodularia 
strains from the Baltic Sea and from Australia (Lehtimäki et al., 2000). Mazel et al. (1990) 
demonstrated that the repeated sequences found in the Calothrix genome were specific for 
heterocystous cyanobacteria. 
It was shown that toxic and nontoxic Microcystis strains carry sequences in their DNA that 
are similar to the sequences of peptide synthetase genes (Meissner et al., 1996). To examine 
the presence of microcystin synthetase genes and/or of other peptide synthetase genes in 
several cyanobacterial genera, different methods were utilized. Dot-blot hybridization with 
probes (fragments of the microcystin synthetase gene mcyB of Microcystis aeruginosa 
and peptide synthetase gene of Anabaena sp. 90) was used to determine, which strains 
have the genes (or at least parts of the genes) for the biosynthesis of these two peptide 
families. Microcystin synthetase specific (FAA and RAA for mcyB gene) and the general, 
degenerated peptide synthetase primers (MTF2 and MTR for any peptide synthetase gene) 
were employed with PCR to detect the potential producers of microcystins and other 
nonribosomal peptides (II). 
The results of the hybridizations suggested (II, Fig. 2) that many (11/19 strains tested) of 
the microcystin- or nodularin-producing strains also contained the genes of the other peptide 
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synthetases. This was supported by the finding that microcystin or nodularin are frequently 
produced together with other small peptides (Fujii et al., 1997, 2000; Fastner et al., 2001). 
The general primers (MTF2 and MTR), which were based on the conserved motifs in the 
peptide synthetases, consequently amplified the microcystin or nodularin synthetase genes 
in PCR (II, Table 2). Therefore, the results from experiments with the general primers do 
not reveal whether the microcystin- or nodularin-producing strains also have synthetase 
genes for peptides other than microcystins or nodularin. Comparison of the results obtained 
with the two primer sets (the general peptide synthetase and the microcystin synthetase 
primers, MS-PCR primers) confirmed the hybridization results. These results indicated 
that several strains of different species were potential producers of nonribosomal peptides 
other than microcystins or nodularin. Peptide synthetase genes were also detected in various 
cyanobacterial genera in the culture collection of Pasteur Institute (Christiansen et al., 
2001). These findings are in agreement with reports showing that putative nonribosomal 
peptides are produced by several cyanobacterial strains of different genera (Moore, 1996; 
Namikoshi and Rinehart, 1996; Burja et al., 2001). 
Dittmann et al. (1997) first showed by insertional mutagenesis that microcystins are the 
products of nonribosomal peptide synthesis. The first characterized gene clusters, which code 
for the biosynthesis of nonribosomal peptides in cyanobacteria, were the genes coding for 
the synthetases of anabaenopeptilides from Anabaena 90 (this study, III) and of microcystins 
from Microcystis aeruginosa (Nishizawa et al., 1999, 2000; Tillett et al., 2000). To date, the 
microcystin synthetase genes have also been characterized from Planktothrix agardhii CYA 
126 (Christiansen et al., 2003) and from Anabaena 90 (this study, IV). This research has 
made possible the development of detection methods for toxic cyanobacteria (Hisbergues et 
al., 2003; Kurmayer and Kutzenberger 2003; Vaitomaa et al., 2003).
Other peptide synthetase gene sets characterized recently from cyanobacteria code for 
the biosynthesis of barbamide in the marine cyanobacterium Lyngbya majuscula strain 19L 
(Chang et al., 2002), of nostopeptolide A in the terrestrial Nostoc sp. GSV 224 (Hoffmann 
et al., 2003) and of nostocyclopeptides in the terrestrial Nostoc sp. ATCC 53789 (Becker 
et al., 2004). The microcystin synthetases belong to the still smaller group of biosynthetic 
systems that include the combined peptide synthetase/polyketide synthase genes (Table 
8). Anabaenopeptilide and microcystin synthetase gene clusters encode unique functions 
(formyltransferase and halogenase, and aminotransferase and C-methyltransferase, 
respectively; Tables 11 and 13) that are rarely found in the nonribosomal peptide synthetase 
or in the polyketide synthase complexes. 
The structure of the anabaenopeptilide 90B suggests that additions of the formyl group 
and a chlorine atom are needed during biosynthesis of this peptide (III, Fig. 1). This thesis 
shows genetic evidence that these steps are catalyzed by the formyltransferase domain of 
ApdA and by the halogenase ApdC, respectively (Table 11; III). The gene apdC was the first 
halogenase gene found in the cyanobacteria. The halogenase genes characterized previously 
code for the chlorination of antibiotics such as tetracycline in Streptomyces aureofaciens 
(Dairi et al., 1995), pyrrolnitrin and pyoluteorin in Pseudomonas fluorescens (Kirner et 
al., 1998; Nowak-Thompson et al., 1999). Halogenase genes were also found in the gene 
clusters of Actinobacteria coding for the biosynthesis of glycopeptide antibiotics belonging 
to the vancomycin group (van Wageningen et al., 1998; Pelzer et al., 1999; van Pee and 
Unversucht, 2003). The halogenases differ in their sequences from the earlier known 
nonspecific halogenating enzymes (haloperoxidases; van Pée, 1996; Kirner et al., 1998) 
and in contrast to haloperoxidases show substrate specificity and regioselectivity (Kirner et 
al., 1998; van Pee and Unversucht, 2003). 
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The formyltransferase domain of ApdA was the first found in the nonribosomal peptide 
synthetases. Recently the formylation domain was reported in the synthetase of the linear 
gramicidin from Brevibacillus brevis (Bacillus brevis ATCC 8185) (with identity of 35% 
and the similarity of 50% to ApdA; Kessler et al., 2004). 
The anabaenopeptilide and microcystin synthetases provide interesting units for the 
rearrangement of modules and domains to produce new variants of bioactive compounds 
(Mootz et al., 2000; Walsh, 2004). Genetic and biochemical information, particularly on 
communication between the modules, is still not complete enough for successful genetic 
manipulation of the biosynthesis of polyketides and nonribosomal peptides (Du et al., 
2001; Mootz et al., 2002). However, the increasing number of characterized systems of 
the combined polyketide/nonribosomal peptide biosynthesis will aid in understanding the 
structural features that are important for the domains involved in the interactions between 
the PKS and NRPS partners. This understanding makes possible genetic engineering of the 
hybrid compounds, which contain parts formed by PKS and NRPS. 
The biological roles of microcystins and anabaenopeptilides in cyanobacteria are still 
unknown. Microcystins were proposed to be a feeding deterrent for zooplankton and were 
shown to prevent foraging by copepods on cyanobacteria (DeMott and Moxter, 1991). On 
the other hand, it was suggested that microcystins act as siderophores to bind trace metals 
(Utkilen and Gjølme, 1995) or are involved in cell signaling and gene regulation (Dittmann 
et al., 2001). Microcystins are produced in such high amounts in cyanobacterial cells (as 
much as 100 fg per cell or more; Orr and Jones, 1998) that the regulation of genes seems 
unlikely. However, differences in the expression of proteins were observed between the 
wild type Microcystis aeruginosa PCC 7806 and the microcystin-lacking mutant (Dittmann 
et al., 2001). Support for binding of copper and zinc by microcystins was also presented 
(Humble et al, 1997). 
Many of the peptides containing the unique amino acid Ahp (micropeptins, nostopeptins, 
oscillapeptins and oscillapeptilides; Table 2), are protease inhibitors and thus may be 
targeted against the digestion process in grazing zooplankton (Rohrlack et al., 2003). 
The anabaenopeptilide-deficient mutant of Anabaena 90 constructed here produced 
anabaenopeptins in considerably higher concentrations than the wild-type Anabaena 90 
(Repka et al., 2004). This suggests that anabaenopeptilides and anabaenopeptins may 
have a similar function, which was supported by the result that anabaenopeptilide 90A and 
anabaenopeptin B inhibited a serine protease, trypsin (Repka et al., 2004). The absence of 
anabaenopeptilides had otherwise only slight effects on mutant cells: the mutated cells were 
longer and slightly lighter than the wild-type cells of Anabaena 90 (Repka et al., 2004). 
Many experiments have shown that cyanobacteria produce most microcystins when 
growth is optimal (Sivonen and Jones, 1999). The highest concentrations of peptides, 
microcystins, anabaenopeptilides and anabaenopeptins, were measured in Anabaena 90 
when the conditions were optimal or suboptimal for growth (Rapala et al., 1997; Repka et 
al., 2004). The production of microcystins appears to be constant and loss of production is 
seldom reported (Sivonen and Jones, 1999). One Microcystis aeruginosa strain was found, 
which has the microcystin synthetase genes but does not produce microcystins (Kabernick 
et al., 2001). The site of putative mutation(s) was investigated in the microcystin synthetase 
gene cluster of this Microcystis aeruginosa strain but was not discovered (Kabernick et al., 
2001). No controlling factors have been described that result in the loss of microcystins 
in growing producers. Light was shown to affect the transcription of the microcystin 
synthetase genes in Microcystis aeruginosa PCC 7806 without changing cellular microcystin 
concentrations (Kabernick et al., 2000). 
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The phylogenetic analysis of the microcystin synthetase genes (mcyA, mcyD and mcyE) 
from the genera Anabaena, Microcystis, Nodularia, Nostoc and Planktothrix provided 
evidence that the genes are ancient, possibly more than a billion years old (Rantala et al., 
2004). It was suggested that the microcystin synthetase genes were earlier more widely 
present among cyanobacteria than today, but were totally lost during evolution in some 
lineages and partly in others, leading to the sporadic distribution of microcystin production 
(Rantala et al., 2004). 
After all, it is difficult to deduce a function for microcystins or anabaenopeptilides with 
the contradictory information available, the cause of which may be that some cyanobacterial 
peptides play the same or similar role. The probable loss of the microcystin synthetase genes 
by many cyanobacterial species during evolution indicates that the pressure to maintain 
these genes is decreased or has ceased to exist in many environments. Possibly, this still 
continuing process is the reason for not observing the biological function of microcystins 
and other cyanobacterial peptides. More work with the mutated strains on peptide synthetase 
genes, e.g. competition experiments, is needed to determine the role(s) of these peptides in 
cyanobacteria. However, even without knowing the exact significance of nonribosomal 
peptides for cyanobacteria, they have useful biological activities as reagents (microcystins) 
and hopefully also as pharmaceuticals, and cyanobacterial peptides can be used as lead 
structures for developing drugs (Radau and Stürzebecher, 2002). 
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6. Conclusions 
Toxic and nontoxic strains of the common freshwater cyanobacterial genera Anabaena, 
Microcystis and Planktothrix cannot be distinguished with traditional taxonomic methods. 
As shown in this thesis, DNA-based methods have the potential for identification of toxin-
producing cyanobacteria.
The repeated sequence was shown in this study to be inserted in several copies at many 
chromosomal locations of Anabaena strains occurring in Finland. Restriction fragment 
length polymorphism of total DNA, using the repeated sequence as a probe, clearly 
differentiated the microcystin- and anatoxin-a-producing Anabaena strains.
The primers and the probe based on the microcystin synthetase gene (mcyB) of 
Microcystis aeruginosa detected microcystin-producing strains among Anabaena, 
Microcystis, Nodularia, Nostoc and Oscillatoria/Planktothrix. Peptide synthetase genes 
other than those coding for microcystin synthetase were found in many cyanobacterial 
strains, using common peptide synthetase primers in PCR or with the apdA gene probes 
in the hybridizations. It was shown by insertional mutagenesis that the cluster of 6 genes 
(30 kbp), from apdA to apdF, is responsible for biosynthesis of the cyclic heptapeptides 
anabaenopeptilides A and B in Anabaena 90. 
A large 55-kb gene cluster was cloned and sequenced, which putatively codes for the 
biosynthesis of microcystins in Anabaena 90. Analysis of the sequence revealed that the 
functions coded for by the genes, from mcyG to mcyI and from mcyA to mcyC, are colinear 
with the order of the reactions needed for the biosynthesis of microcystin. Sequence 
indentity of the microcystin synthetases from Anabaena, Microcystis and Plantothrix varies 
from 67% to 81%, and the order of the genes is dissimilar in these species. The sequence 
data of the three microcystin synthetases, from Anabaena, Microcystis and Plantothrix have 
made it possible to design primers and probes for conventional and quantitative PCR and for 
the microarray technique to detect and identify potential microcystin producers. 
The genes coding for the synthetases for microcystins and anabaenopeptilides encode 
unique functions that can be exploited in genetic engineering of the peptide synthetases to 
construct new peptides. The anabaenopeptilide synthetase genes apdA and apdC code for 
the formylase domain and the halogenase, respectively. Microcystin synthetase includes 
two mixed peptide synthetase/ polyketide synthase genes (mcyG and mcyE) and a gene 
(mcyI) coding for the conversion of serine to dehydroalanine. In addition, there are two 
C-methyltransferase domains and an aminotransferase domain coded for by microcystin 
synthetase genes. These domains and genes, especially the formylransferase domain and the 
halogenase gene, could be used as tools to manipulate structures of nonribosomal peptides. 
Constructing additional mutants of Anabaena 90, which lack the nonribsomal peptides, 
will likely aid in discovering the role played by these peptides in cyanobacteria. To achieve 
this task, the genetic manipulation methods used with Anabaena 90 should be improved. 
Recently, the mutagenesis of Planktothrix agardhii CYA 126, which produces microcystins 
and other nonribosomal peptides, was successfully accomplished (Christiansen et al., 
2003). Therefore, the future number of cyanobacterial mutants deficient in nonribosomal 
peptides will increase and this will promote studies to reveal the function or functions of 
these metabolites. 
The ongoing genomic sequencing projects of Anabaena 90 and Microcystis aeruginosa 
PCC 7806 will greatly increase our understanding of how these microcystin producers differ 
from other, nontoxic cyanobacteria, the genomes of which have been sequenced.
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